We describe an approach, using alkaline cell lysis and digestion with nuclease S , which permits to distinguish between newly ligated DNA and the DNA of mature chromattn. When cells with steady-state labelled DNA (mature DNA) are analyzed, the results show labelled "nucleosomal-sized" DNA. However, when DNA of cells pulse-labelled with thymidine for 45 seconds is examined one can detect only large DNA. The newly ligated DNA is not reduced to "nucleosomal-sized" DNA by nuclease S . When the large DNA is denatured in formamide one can detect 10 kb DNA fragments. Furthermore in pulse-chase experiments there appear, after formamide-treatment, increasing amounts of "nucleosomal-sized" DNA with a parallel decrease in the amount of 10 kb DNA fragments. Hence the newly ligated, large, DNA differs from mature DNA and represents a distinct stage during DNA replication.
INTRODUCTION DNA exists in a regular structure called nudeosomes. Electron microscopy of replicating DNA shows that the nucleosomal structure is present on both strands near the replication fork and that there is no apparent intermediate in which the DNA is not packaged (15) . Also it seems that "old" histone octamers are distributed to both arms of the DNA replication forks (6) , although there is conflicting evidence in the literature concerning this point.
The nudeosomes located in the vicinity of the replication forks differ from the nudeosomes associated with non-replicating DNA, e.g. in showing a lower bouyant density, increased sensitivity to enzyme-digestion and a decreased sensitivity of some histories for associating with new DNA. It has also been reported that the nucleosomal repeat length for nascent chromatAn is shorter than that for bulk DNA (8) .
DNA replication in mammalian cells Is a very complex and poorly understood process. This is mainly due to technical difficulties; the large size of the cellular DNA makes it difficult to analyze defined DNA populations. The main interest during the last years has focused on the question whether there exist specific sequence requirements for initiation of DNA synthesis (23) . The replication of plasmids in yeast appears to need a specific sequence, called autonomously replicating sequence (ARS) (21, 22) . The situation is, however, more uncertain in mammalian cells where recent findings may suggest a lack of specific sequence requirement for replication in Xenopus eggs (16) .
So far little work has been done on the processes between the formation of the primary DNA replication intermediates (Okazakl-fragments) and the formation of the DNA of mature chromatin. To increase our knowledge we use an approach that partially overcomes the experimental problems when analyzing mammalian DNA (1, 2, 10, 13, 18) . In this technique the cells are lysed in dilute alkali. In the alkaline milieu the base pair structure of the DNA is disrupted. However, the DNA strands can not separate before enough time has elapsed to allow unwinding of the DNA, the time being dependent on the size of the DNA (2,7). In active replicons there are smaller DNA molecules which are released into the solution, allowing the analysis of DNA replication intermediates ranging in size from Okazaki-fragments up to 10 kb.
The formation of 10 kb DNA replication intermediates and Okazakifragments is dependent on DNA polymerase a (13) . However, the ligation of 10 kb DNA to high molecular weight D N A is not dependent on DNA polymerase a, since this occurs in the presence of aphidicolin, an inhibitor of polymerase a. The ligation process is, in contrast, delayed in cells treated with 3-aminobenzamide, an inhibitor of poly (ADP-ribose) synthetase (14) .
In order to gain further insight into the process of DNA synthesis we present here an approach that allows the distinction between DNA replication intermediates, newly ligated double-stranded DNA and the DNA of mature chromatin. The results show that one can demarcate a distinct stage immediately after the joining of replication intermediates.
MATERIALS AND METHODS
Cells, culture medium and labelling with H-thymidine. A human melanoma cell line (CRL 1424) , obtained from Flow Laboratories, U.K., was grown as monolayers at 37°C in 5% CO. in air. The culture medium was Eagle's MEM with Earle's salts, containing 2 mM 1-glutamine, 10% fetal calf serum and antibiotics.
For experiments the cells were seeded in small culture dishes (35x10 mm) containing 3 ml medium 24 h before the addition of 100 pCi tritiated thymidine (20 Ci/mmol, Amersham Center, U.K.) and the incubation performed for the desired length of time.
Cell lysis. The incubation medium was drained from the culture dish and the cells rinsed twice with cold phosphate-buffered saline. Cell lysis was performed in the dark at 0°C by the addition of 2.25 ml of 0.03 M NaOH (pH 12.1). After 30 minutes the solution was neutralized by the addition of 0.09 ml 0.067 M HC1, 0.02 M NaH PO . For a more detailed description see (2) . The sample was then either digested with S -nuclease (see below) or immediately made 0.5% with regard to SDS.
Digestion with S -nuclease and micrococcal nuclease. Immediately after the neutralization of the dilute alkali used to lyse the cells, 300 yl of (300 mM NaAc pH 4.6, 0.5 mM ZnAc, 750 mM NaCl) was added. 200 IU/ml S -nuclease (Sigma Chemicals) was then added and the mixture incubated for 30 minutes at 37°C. The digestion was stopped by making the solution 1% SDS-0.02 M EDTA.
Digestion with micrococcal nuclease (40 IU/ml) was performed in (100 mM KC1, 50 mM Tris pH 8, 1 mM CaCl ) for 30 min at 37°C . The digestion was terminated by making the solution 1% Sarkosyl -0.02 M EDTA. Agarose, Acrylamide gel electrophoresis and CsCl gradient centrifugations. 0.75% agarose flat bed gels (12) and 6% acrylamide gels (9) were made as described earlier. The labelled DNA was separated in the gels using a LKB MultLphor electrophoretLc system. The arrow in the figures analyzing doublestranded DNA denote the location of a 2 kb single-stranded DNA marker. When analyzing single-stranded DNA the size of different single-stranded DNA markers have been plotted in the graphs. The gels were sliced in 1-mtn-thick slices and the radioactivity was measured in a toluene-based scintillation fluid containing 3% Soluene 100, using a Packard scintillation counter.
To denature the S -digested melanoma DNA the samples were heated at 80 C for 10 min in 90% formamide immediately before the electrophoretic separation. Therefore the concentration of DNA in the aliqout applied to the gel is lOx less than in the original sample.
CsCl gradient centrifugtions were performed at 40.000 rpm for 48 h with a Ti 50 rotor in a Beckman L2-65 ultracentrifuge (14) . X-irradiation. Irradiations were performed on a Siemens "Stabflipan" X-ray unit, operated at 220 kV, 20 mA, with 0.5 mm Cu filtration at a dose-rate of 1.2 Gy/min. The cells were irradiated at room-temperature while covered to a depth of 1-2 mm with medium.
RESULTS
Experimental approach. In this paper we pose the question whether there exists a distinct stage between the ligatLon of DNA replication intermediates and the appearance of the DNA of mature chromattn. To analyze this question it Is necessary to be able to distinguish between DNA replication intermediates) DNA recently formed by joining of intermediates and mature DNA.
We use a procedure to lyse cells in dilute alkali to partly denature the DNA (1,2,10,13,14,18). During the cell lysis the DNA starts to uncoil in the alkaline milieu. The uncoiling, which is initiated at single-stranded gaps (and/or alkali-labile regions) present in active replicons, results in denaturatlon of 20 kb regions of DNA (10) . When the solution is neutralized the DNA strands larger than 20 kb renature and form double-stranded large DNA. The DNA smaller than 20 kb remain free in solution as single-stranded DNA. Among the smaller DNA there exist a discrete 10 kb DNA replication intermediate, which we have examined in earlier publications (13, 14) .
Replicons are of variable size ranging between 50 -200 kb (11). Therefore one can use the alkaline cell lysis procedure to subdivide the DNA in each replicon into one part comprising of double-stranded DNA larger than 20 kb and one part comprising of single-stranded DNA smaller than 20 kb (which includes the 10 kb DNA replication intermediate). This paper focus on the double-stranded DNA larger than 20 kb. To facilitate the analysis we have combined the cell lysis procedure with a subsequent digestion with nuclease S . Nuclease S digests single-stranded DNA but not double-stranded DNA (3). This enzyme needs at least three unpaired bases to recognize an incision site (20) . It should remove single-stranded DNA replication intermediates and stretches of single-stranded DNA present in the double-stranded DNA. The rate-limiting step in the digestion Is the introduction of the first nick at the site of locally denatured DNA. When the molecule contains a singlestranded incision it is quite efficiently cleaved by the nuclease (16).
CsCl-gradient centrifugatlons were performed in order to evaluate whether digestion with nuclease S results in the expected removal of single-stranded DNA. Melanoma cells were lysed in dilute alkali (0.03 M NaOH for 30 min at 0 C) and the solution neutralized. Nuclease S. was then added and after 30 min at 37°C the reaction was stopped by the addition of SDS-EDTA. Before cell lysis the cells had been labelled with tritLated thymidine for either 45 seconds, 30 min or 24 h. The results showed that, irrespecitve of the duration of the pulse, only double-stranded DNA was detected in a neutral CsCl gradient (not shown). In an alkaline gradient this DNA was shifted to the single-stranded DNA region.
Also we determined the percentage of labelled DNA removed by nuclease S . In cells labelled with tririated thymidine for 24h before analysis 8 Hence nudease Sj has removed the single-stranded DNA replication intermediates (10 kb-fragments and Okazaki-fragments) but has left high molecular weight DNA intact and not generated "nudeosomal-sized" DNA, which occured with mature chromatin DNA (as described above). The results, together with those described above, show that the newly ligated DNA undergoes a time-dependent conversion to mature DNA.
Experiments with micrococcal nuclease. Micrococcal nudease is the enzyme most commonly used to generate nucleosomal-slzed DNA from chromatin. This Is a more complex enzyme than nuclease S (see e.g. 4) .
If the DNA we have earlier termed "nucleosomal-slzed" DNA is of the same size as that generated by digestion with micrococcal nuclease, one should still detect slice 20 -30 DNA in samples that are digested sequentially with nuclease S and micrococcal nuclease.
Experiments were performed with cells containing steady-state labelled DNA. In one lane of the gel, DNA digested sequentlaly with nuclease S. and micrococcal nuclease were separated. In the parallel lane of the same gel DNA digested with only nuclease S was analyzed (fig. 2b) . The results showed that in both situations, after denaturatLon in formamide immediately before electrophoresis, one can detect labelled DNA with a single-stranded size of 70-200 nucleotLdes, "nucleosomal-slzed" DNA. The same result was obtained in samples digested only with micrococcal nuclease (not shown).
Probably there is removal of the internucleosomal (linker) DNA by singlestrand specific nucleases. It Is known from other studies that core histones are intact at pH 12.1 whereas the histone HI associated with linker DNA is removed (17) . This Is the same pH as in our cell lysis conditions. As a consequence the linker DNA Is more easily denatured, which could explain the digestion of inter-nucleosomal DNA by nuclease S,. Furthermore it is known that immature nucleosomes undergo a maturation and after 5-25 min attain the properties of mature chromatin (3, 7) . This may be one explanation for the time-dependent change before the label appears in nuclease S -sensitive chromatin.
Treatment with formamide immediately before gel electrophoresis. We wished to determine the single-stranded size of the large DNA of pulselabelled cells. This DNA may occur as a covalently linked strand or alternatively as a conglomerate of smaller molecules which are held together, but not covalently bound to each other. Therefore nuclease S.-treated DNA from cells pulsed with trltiated thymidine for 45 seconds were heated in 90% formamide. The electrophoretic separation now showed that the labelled DNA migrated to a large degree as a 10 kb DNA. When the pulse was followed by a chase for 3 min in cold medium one could detect both 10 kb DNA and "nucleosomal-slzed" DNA. When the chase was for 15 min one could detect very little 10 kb DNA but more "nucleosomal-sized" DNA ( fig. 3 ).
Hence the large DNA of nuclease S -treated samples contain 10 kb DNA molecules associated, but not covalently bound, to each other. -lrradiated cells (fig. 4) . Hence the distance of the labelled DNA to free ends does not influence our results.
DISCUSSION
In this paper we demonstrate the existence of a stage during DNA replication which occurs after the joining of DNA replication intermediates (singlestranded) but before the appearance of mature "nucleosomal-slzed" DNA To further examine the large DNA we performed experiments where the DNA of pulse-labelled cells (45 seconds) were denatured in formamide immediatdy before electrophoresis. The results now showed the release of 10 kb DNA fragments from the large DNA. When the pulse Is followed by a chase in cold medium one can detect the appearance of "nudeosomal-sized" DNA and a parallel reduction in 10 kb DNA fragments. Hence the large molecular stage contains 10 kb DNA fragments, which are not covalently bound to each other. At present we do not know how the fragments are hdd together.
The results described in this paper show that there exist a distinct stage
